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ABSTRACT 
The effects of laser cutting of high alumina sub- 
strates on part quality was investigated.  Modulus of 
rupture tests were performed to compare laser machined 
parts to conventional machine parts.  Thermal shock 
tests were also performed.  Biaxial strength testing 
was compared to three point bend loading of laser 
scribed parts.  Laser operating parameters of power, 
cutting speed and air pressure were varied to determine 
optimum operating conditions.  It was found during the 
study that varying the above parameters had little 
effect on part quality.  The apparent controlling feature 
of laser machining on part quality was found to be the 
mode of operation of the laser.  The laser must be 
operated in the TEMoo mode in order to obtain parts 
which are comparable in strength to parts prepared by 
conventional machining methods.  Examination of the 
edge condition of parts showed a difference in appearance 
depending on operating power and the laser mode.  This 
makes it possible to ascertain good parts are being 
cut by examining the part edge rather then having to 
continually check the laser mode.  The three point 
bend test was found to be a reliable method of deter- 
mining strength with no advantage found in the biaxial 
strength test. 
I.  INTRODUCTION 
Ceramic material in view of their excellent 
chemical stability, electrical insulating properties 
and low cost have found increasing application in 
modern technology.  These applications are often linked 
with the ability to machine the parts to tight toler- 
ances.  In the electronics industry sophisticated 
circuitry is manufactured on inert ceramic carriers 
such as aluminum oxide.  As the need for circuitry 
interconnection through carrier board via holes and 
intricate shapes become more demanding as to part 
tolerances conventional shaping methods have become 
less applicable.  Forming of the substrate in the green 
state is precluded due to limited ability to control 
part shrinkage to tolerances much better than +_ 3 mils. 
Forming in the fired state by such standard methods as 
diamond grinding or saving are too costly and time 
consuming primarily as a result of the extreme hardness 
and abrasiveness of aluminum oxide.  Other disadvantages 
of forming in the green state or conventional machining 
in the fired state include differential shrinkage, 
possible circuitry damage, handling difficulties and 
high cost of production losses. 
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A solution to these problems is offered by laser 
machining alumina in the fired state.  The laser is 
capable of providing the speed and precision necessary 
for economical processing of high alumina substrates 
used in thin film applications.  To date the three 
major uses of laser machining include scribing, hole 
drilling and cutting. 
Scribing is used to separate circuits when two or 
more are generated on the same carrier board.  The 
method involves drilling a series of closely spaced 
holes approximately 1/1). the thickness of the circuit 
board to define a line of fracture along which the 
material will break when the appropriate stress is 
applied.  The technique of scribing provides the 
accuracy of fracture line and speed which are not 
available with diamond scribing, diamond cutting or 
pre-scoured substrates. 
Hole drilling can be thought of as an extension 
of scribing as the hole is put completely through the 
board to provide a via hole for circuitry connection. 
The accuracy of hole location is far superior to that 
which can be achieved by hole punching the ceramic 
in the green state.  The speed and low cost are also 
k 
far superior to hole drilling the fired part by 
conventional means of diamond drilling. 
Laser cutting is used where scribing is not 
applicable due to complex shapes.  It has not been 
possible to define a line of fracture by scribing 
that will take a 90° bend.  Laser sawing is also 
preferred to direct manufacture since complex shapes 
make handling during processing difficult.  Pre-shaped 
boards although desirable due to ease and accuracy of 
fabrication become undesirable due to additional 
processing costs necessary for handling during circuit 
generation.  Cutting a complex shape once a circuit 
has been defined can only be economically accomplished 
through the use of lasers. 
The use of lasers for the above purposes has been 
well documented as have been the effects of laser 
energy on incident material.  (Ref 1-18)  Information 
of a practical nature on the effects of laser machining 
on the quality of the machined part is limited at the 
time which is a disadvantage to circuit designers. 
Although the effects of laser scribing on part quality 
has been investigated by private industry (19), the 
effects on part quality of laser sawing are not well 
kn own. 
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This lack of information can preclude the opti- 
mization of part properties by circuit designers for 
those parts which must be laser sawed.  There is also 
a lack of quantitive information on the effects of 
laser parameters and the relationship between part 
properties. 
It is well known that the strength of many 
ceramic materials, especially high alumina, is 
highly dependent on edge and surface conditions 
(ref 20-28).  Laser machining of alumina generally 
removes material by a combination of vaporization and 
sub surface explosion depending on the power used (1|). 
The resulting hole or edge is a source of many 
micro-cracks.  Micro-cracks are known to decrease the 
strength of brittle material as they provide for 
crack propagation to initiate {2i\.,   29). 
It has been shown, especially for laser scribing 
(19), that edge damage done by laser machining is 
greater than that sustained during conventional 
machining; however, the resulting decrease in part 
strength has not been sufficient to preclude use 
of lasers.  Nevertheless the decrease in strength has 
caused some problems with the ability of the parts to 
withstand thermal shock. 
Thermal shock resistance may be expressed as: 
R = St(l-V)K/ocE 
Where Sj. is the fracture stress, Y  is Possion's 
ratio, K is the thermal conductivity, ©<. is the 
coefficient of expansion and E is the modulus of 
elasticity. 
As the strength of the part decreases its ability 
to withstand thermal shock also decreases.  Since 
laser machining decreases the fracture stress it would 
be expected that laser machined parts will be more 
susceptible to failure due to thermal shock.  Although 
in most applications thermal shock is not a problem, 
in some specialized areas such as microwave circuitry 
where the parts are constrained in metal housings 
failures due to temperature changes may occur. 
The purpose of this study was to ascertain^the 
effect on part quality of CO2 laser cutting of high 
alumina substrates used for microwave applications 
with primary emphasize of laser parameters on 
strength as well as thermal shock resistance. 
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II.  EXPERIMENTAL 
A.  MATERIALS 
Materials investigated in the study were high 
alumina (99$ +) substrates produced primarily for 
thin film work.  Of special concern were substrates 
used for microwave applications which must have 
intricate shapes due to circuit design criteria. 
Discussions on these shapes and the reasons for them 
may be found in the literature.  (Ref 30-33)  A 
typical shape is shown in Figure I.  The irregular 
shapes can be obtained by different techniques, 
those of interest here included grinding the shape, 
die cutting the shape prior to firing and laser 
cutting the shape. 
1.  Parts Grounds to Shape 
Parts ground to shape were obtained from 
Western Gold and Platinum Company.  These parts 
were manufactured by isostatically pressing bars 
from high alumina powder mixed with the appropriate 
binder.  Following the pressing the bars were 
ground to the desired shape and then diamond sawed into 
individual substrates of the proper thickness.  The 
parts were then fired at approximately l650°C. 
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FIGURE 1 
TYPICAL MICROWAVE INTEGRATED 
CIRCUIT SHAPE 
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Following the firing the parts were stacked and 
fired at approximately ll\.^0°C  with a cool-down of 
less than 200°C/hr to flatten.  After the firings 
the parts were then subjected to a surface grinding 
operation to obtain the desired thickness and shape 
tolerances.  These parts represented the manufacture 
standard against which other parts were compared. 
These parts will be referred to for convenience in 
the rest of the paper as "ground parts." 
2.  Die Cut Parts 
Die cut parts were obtained from American Lava 
Corporation.  These parts were made by die cutting 
a doctor blade slip such as is used in the manufacture 
of standard thin film substrates.  This technique is 
well documented in the literature (35-37).  Briefly 
the manner of manufacture consists of preparing a 
slip by ball milling fine grained alumina powder with 
a defloculant and binder.  The resulting slip is then 
cast on a suitable plastic carrier which passes under 
a "doctor blade" to obtain the part thickness.  This 
tape is then dried.  Prom the dry tape any shape or 
form can be cut just as a cookie cutter might be used 
on a layer of dough.  Following die cutting the parts 
are fired at l600°C followed by a flattening firing 
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at around 1450°C-  The parts are then subjected to a 
grinding to obtain the dimensional thickness tolerance. 
It should be stated here that this final grind is not 
done on substrates other then those for microwave 
consideration due to the extremely tight thickness 
and flatness requirements of these parts.  These parts 
will be referred to as "die cut." 
3.  Laser Cutting 
Parts were also obtained by laser cutting.  Here 
the final shape was obtained after the parts were 
fired as opposed to the two previous methods where 
the parts were formed in the green state.  In this 
process standard thin film substrates of 4-1/2" X 
3-3/4" were obtained from Western Gold and Platinum 
Company and American Lava Corporation.  These parts 
were manufactured by the above companies in the same 
manner as they used for manufacturing the more intricate 
shapes as described above.  In this case, the shapes 
were cut from 4-1/2" X 3-3/4" substrates by a laser. 
It is important to avoid confusion here with the above 
manufacturing technique.  The parts laser cut had been 
surface ground after firing- as described in 1 & 2 to 
obtain the thickness and flatness requirement.  So all 
parts had essentially "ground surfaces." The main 
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difference being that 1 & 2 had the shapes defined 
in the green state where as the laser cut parts were 
defined in the fired part. 
Other thin film substrates manufactured by 
the doctor blade technique which were not subjected 
to a "surface grind" were also laser cut to act as 
a control for the surface ground laser cut parts. 
These standard substrates were obtained from American 
Lava Corporation,   Coors Porcelain Company and 
Materials Research Corporation.  All of these companies 
manufacture substrates described in "2" without the 
final surface grind.  These substrates of course did 
not meet the thickness and flatness requirements of 
the microwave substrate. 
All the parts described above were found to 
meet the design specifications and had material 
properties meeting the material specifications for 
microwave substrates.  This would include thickness 
of 25 _+ .3 mil and a flatness of within 3 mils total 
variation from a flat plane over the part length. 
Surface roughness for the surface ground parts ranged 
from 10 - 16 /{.-inches.  On the parts used for control 
which had not been surface ground the roughness was 
6 - 8 M-inches for the parts from Coors and American 
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Lava and 2 - i\. ii- inches for the parts from Material 
Research Corporation.  Grain size for the Western 
Gold parts were in the 10 micron range and those from 
the other suppliers were in the 2-10 micron range. 
Compositions were 99$ AlpO, with bulk modules of 
ruptures of lj.0,000 - 60,000 psi. 
B.  LASER 
The laser used for the cutting of parts was a 
Coherent Radiation Laboratories, Model I4.I, C0~ 
molecular gas laser.  The laser has a proven output 
of 25>0 watts continuous wave in the TEMoo mode 
operating at a wavelength of 10.6 microns.  The laser 
uses a flowing gas system with a water cooled 
germanium lens which has l.£ inch focal length.  A 
high velocity gas nozzle mounted concentrically with 
the laser beam is used to aid in material removal of 
the part being cut.  The nozzle is positioned .070 
inches above the surface of the part to be processed 
and is operated in the range of 10 - 5>0 psi air 
pressure.  The laser beam has a focused spot size of 
approximately . 00l| inches at the surface of the 
substrate being cut and the resulting kerf cut in the 
substrate is approximately . 005> inches. 
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The cutting system used on I4.-I/2 X 3-3/4 inch 
substrates consist of an aluminum base plate mounted 
on a continuous path 10 X 10 inch contouring table. 
An Icon numerically controlled console is used for 
positioning table movements and has a full travel 
linear accuracy of +_ .001 inch in each axis.  The 
base plate itself is interchangeable so that 
depending on the part being cut the proper base 
plate may be used.  This is due to the fact that a 
slot .060 inches wide and .200 inches deep is machined 
in the base plates to the outline contour of the 
part being cut.  The slot is necessary to provide 
relief for the molten material of the kerf.  Parts 
are positioned in the base plate by use of three 
pin alignment.  This is the same system used during 
pattern generation of the circuit guaranteeing 
proper positioning of the circuit or the cut part. 
The substrates are held in place during cutting by 
use of vacuum provided by many holes in the base 
plate connected to the manifold and a vacuum pump. 
An exhaust duct at the rear of the cutting position 
removes the vaporized material of the kerf.  A 
safety shield encloses the entire work station. 
Ik- 
During operation the substrate is moved beneath 
the laser beam, by the table.  The table movements 
are controlled by a tape program.  The speed at 
which cutting takes place is controlled by the 
table movement and can be linearly varied.  Typical 
speeds vary from 20 to I4.O inches per minute.  A 
mirror deflects the laser beam into a water cooled 
heat sink prior to and after cutting.  The movement 
of the deflection mirror is controlled by the cutting 
program.  A microscope is mounted in the work position 
so that substrate and metal pattern alignment may be 
checked prior to cutting.  Figures 2 & 3 show the 
laser system and the laser cutting work station. 
C.  SAMPLE PREPARATION FOR MOR TESTING 
Modulus of rupture specimens were obtained by 
two methods, (a) Breaking a leg from a shaped 
substrate by diamond scribing (Figure 1+) and (b) 
laser cutting specimens from a I4--I/2" X 3-3/V 
substrate (Figure 5).  Specimens from group (a) 
were used to compare the strength of ground to 
shape versus die cut versus laser cut substrates 
while specimens from group (b) were used to 
evaluate different laser cutting parameters. 
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FIGURE 2 
LASER CUTTING SYSTEM 
16 
FIGURE 3 
LASER CUTTING WORK STATION 
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FIGURE k 
MICROWAVE INTEGRATED CIRCUIT WITH LEG 
REMOVED FOR MOR TESTING 
18 
FIGURE ^ 
CERAMIC SUBSTRATE SHOWING 
MOR TEST PIECES REMOVED 
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Since as described in Section B on materials 
the parts are surface ground, an annealing opera- 
tion was added to the study.  It is common practice 
to anneal any ground part at ll\.^0°G  for 2 hours 
prior to any thin film deposition.  This annealing 
is done to improve the thin film adhesion and 
strengthen the part.  Higher temperatures are not 
desirable since they can cause part deformation 
and grain growth and lower temperature do not 
adequately heal the surface.  Laser cut parts from 
the ground substrates were in some cases annealed 
after the laser cutting operation.  This would be 
impractical in production since at this point the 
thin film circuits would be generated.  In order 
to ascertain the amount of edge healing that could 
be affected by annealing this operation was done 
on test specimens. 
Laser cutting leaves a ridge of molten material 
from the kerf along the substrate.  This residue 
was removed prior to testing by use of a scrubby 
pad. 
The various parts obtained as in (A) above 
may be enumerated as follows : 
20 
a. Ground part as received from Western Gold 
annealed llj.£0°C 2 hrs , leg removed and tested. 
b. 3-3A" X I4.-I/2" surface ground substrate 
received from Western Gold, annealed ll\.$0oG  2 hrs, 
laser sawed, leg removed and tested. 
c. 3-3/V X I4.-I/2" surface ground substrate 
received from Western Gold, laser sawed, annealed 
ll|5>0°C 2 hours, leg removed and tested. 
d. Die cut part as received from American 
Lava leg removed and tested. 
e. 3-3A" X 1+-1/2" doctor bladed substrate 
as received from American Lava, laser sawed leg 
removed and tested. 
For the parts obtained in (a) that were laser 
sawed the laser parameters were set at 100 watt power, 
table speed 30 in/min and the air pressure of the 
air asset described in the previous section at £0 PSI. 
Samples obtained as described in (b) were 
subjected to the following laser parameters for the 
laser operating in a Non-Gaussian Mode: 
Air 
Power   (Watts) Spee sd   (in t/min) Pressure   (PSI) 
100 ko 50 
100 30 50 
100 15 £0 
150 30 10 
1^0 30 50 
80 30 50 
75 20 10 
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Following these evaluations the laser under 
went a reconditioning at which time all the mirrors 
and lenses were thoroughly cleaned and the focal path 
of the beam checked.  In addition a mirror with a 
different reflectivity factor was installed.  It was 
then determined that the laser mode was Gaussian as 
far as the power distribution across the beam.  The 
laser was then used to cut additional specimens at a 
power of 80 watts, speed of 30 in/min and an air 
pressure of %0  psi. 
D.  STRENGTH TESTING PROCEDURE 
Modulus of rupture (MOR) determinates were 
done using three point loading.  Since in bending 
the stress is a maximum at the specimen edges this 
test was judged especially suitable to test edge 
condition.  An Instron tester was used with a test 
fixture having a span distance of 0.1]. 95 inches. 
The load rate was 0.200 inches per minute. 
The maximum stress at fracture is calculated 
by the equation: 
cr _ MC 
1 
22 
Where cr is the stress, M is the bending moment, 
C is the distance from extreme fiber to neutral 
axis in beam, and I is the moment of inertia about 
neutral axis.  For three point loading this reduces 
to : 
M0R
 = 2T32- 
Where MOR is the modulus of rupture, P is the 
load at failure, L is the distance between two outer 
load points, b is the specimen width and d is the 
specimen thickness.  Derivations of these equations 
and the assumptions made may be found in any good 
book on mechanics or strength of materials (ref 30). 
To determine intrinsic material strength 
biaxially strength testing was used.  The strength 
in this test are to be independent of specimen edge 
condition.  A test fixture similar to that described 
in the literature was built and used with the Instron 
tester. 
Unfortunately with this method circular test 
specimens must be obtained and assumptions of 
Youngs modules of the material must be made.  The 
flexure strength is then given by an equation of the 
form: 
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s
 = - rr h  <x - Y» 
Where X and Y may be expressed as: 
X  =  (1 + K) In (B/C)2 + [l   - y/2]   (B/C)2 
Y =  (1 + r)  £1 + In (A/C)2J + (1 - )-) (A/C) 2 
Where V is Poisson's ratio, B is the radius of 
the loaded area, A is the radius of the support circle, 
C is the radius of the specimen, P is the fracture 
load and d is the thickness of the specimen.  Circular 
specimens were prepared both by laser cutting and by 
grinding.  The laser cutting method was preferred since 
it was quicker and cheaper than grinding the specimens. 
Intrinsic strength of the material was also 
derived by using laser scribed specimens.  Here the 
specimens were laser scribed and tested on the MOR 
test fixture previously described.  The parts were 
placed on the fixture such that the laser scribe 
marks were in compression.  The laser scribe marks 
are typically 1/3 the thickness of the substrate in 
depth. 
E.  THERMAL SHOCK TESTING 
Thermal shock tests were done on both ground 
parts and laser cut parts.  An oven was used to heat 
the part to temperatures varying from l80°C to 230°C. 
2k 
The parts were allowed to equilibrate at temperature 
for five minutes and were then plunged into ice water 
Parts were also tested by going from boiling water 
into liquid nitrogen.  After testing the parts were 
examined for cracks using a commercial dye penetrate 
(Zyglo) and ultraviolet light. 
MOR testing was also performed on parts which 
had been subjected to thermal shock to determine 
the degree of damage done to the bulk properties of 
the parts by the thermal shock. 
F.  MICROSCOPE AND OTHER STUDIES 
Optical microscopes and scanning electron 
microscopes (SEM) were used to evaluate the amount 
of edge damage.  The optical microscope was used 
for low power evaluations of approximately 100X to 
500X.  The SEM was used for closer examinations of 
edge conditions and for searching for microcracks 
in the material.  Photo micrographs were obtained 
in both instances.  Surface roughness measurements 
were obtained using a Talysurf with a diamond 
stylus. 
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III.  EXPERIMENTAL RESULTS AND DISCUSSION 
A.  MODULUS OF RUPTURE 
The results of the MOR tests comparing the 
strength of laser cut to ground shape and die cut 
parts are shown in Table 1.  It can be clearly seen 
that the parts made by grinding or die cutting are 
significantly stronger than the laser cut parts. 
Since these parts are prepared directly from the 
green state without further treatment this is not 
unexpected.  Subsequent sintering operations 
following forming in the green state would heal 
any damage done to the part by the forming operation. 
The lower strength of the laser cut parts then 
directly reflects edge damage done to the part by 
the laser process.  The surface condition and the 
bulk properties of the laser cut parts are the same 
as the ground to shape parts, only the part edges 
are different. 
Figures 6 & 7 show typical edges for a ground 
part and a laser sawed part.  The ground edge exhibits 
distinct alumina grains, grain boundaries, pores and 
grain-pull out expected from a ground edge which has 
been subsequently sintered.  In contrast the laser 
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FIGURE 6 
LASER CUT CERAMIC EDGE 
475X 
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FIGURE 7 
GROUND CERAMIC EDGE 
k75X 
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sawed part shows the solidified molten alumina.that 
has formed along with the cracks which are developed 
upon cooling of the molten zone.  The appearance of 
this edge is typical in an AlpO.-, part that has been 
processed by the laser (15).  It has been shown that 
for a laser processed part cracks will form originating 
in the molten zone and extending well beyond into the 
bulk of the material.  It has also been determined 
that annealing at temperature below the sintering 
temperature will not heal these cracks (1^). 
Annealing temperatures of ll\.$0°G  are commonly used 
for treating high alumina substrates to restore 
surface integrity following chemical treatment or 
mild abrasion of the surface.  Higher temperatures 
are impractical from a manufacturing stand point and 
lower temperatures fail to restore the surface 
integrity.  It is apparent that the damage done by 
the laser is too great to be healed by a firing 
temperature not close to the original firing tempera- 
ture.  This was verified by subjecting the sawed 
parts to a ll\.^0°C  anneal for 2 hours.  The results are 
shown in Table 2.  Applying the  t-test to this data 
it was found that the difference in average strength 
between the annealed and unannealed parts were not 
significant at a 9$%  confidence level. 
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A series of tests were performed to determine 
if by varying the laser parameters an optimization 
of part strength could be accomplished.  Laser 
parameters varied were power and the air jet pressure 
In addition the speed of cutting was varied by 
changing the table speed.  The results are shown in 
Table 3«  As can be seen no significant increase in 
strength was obtained by varying the laser parameters 
of power, table speed or air pressure.  The test, 
however, shows that using the higher power of l£0 
watts, a small but significant decrease in strength 
was observed. 
A look at the edge condition also shows a 
difference in appearance between an edge cut at high 
power and one cut at 100 watts as shown in Figures 
8 & 9.  As can be seen at the higher power level 
far less of the molten material remains on the 
edge.  This would indicate that most of the material 
removal probably took place by subsurface explosion 
rather than vaporization.  Still the parts processed 
at the higher power were not all that much weaker 
which would indicate that in both cases the real 
controlling factor was the damage induced in the 
heat affected zone which extends into the substrate. 
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FIGURE 9 
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Intrinsic material strength measurements as 
determined by biaxial testing are shown in Table I|... 
These are compared to strength measurements done 
using laser scribed parts tested in the MOR fixture 
with the laser scribe side in compression.  It is 
significant that the biaxial test results are so 
similar to the MOR test results on the laser scribed 
specimens.  The t-test shows no significant difference 
in the data.  This suggests that the strengths of the 
1 aser scribed parts represents the inherent strength 
of the material.  Accordingly, this test was used 
primarily for comparison purposes since it avoided 
the difficulty of specimen preparation for the 
biaxial test. 
It is important that all the laser scribed 
specimens were tested with the laser scribed holes, 
which extend approximately 1/3 of the way into the 
substrate, in compression.  If the laser scribe 
marks are placed in tension a significant decrease 
in strength is measured as shown in Table 5>.  These 
measurements were done on tape cast doctor bladed 
rather than ground substrates which is why the MOR 
measurements are so much higher than those reported 
elsewhere in this report.  The intrinsic strength of 
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the doctor bladed substrates being much greater 
than the ground substrates. 
After the recondition of the laser described 
in the procedure, test specimens showed a significant 
increase in part strength over previous measurements. 
This is shown in Table 6.  These results clearly 
indicate that the mode of operation for a laser is 
critical for the quality of aluminum substrate parts. 
Most likely this can be attributed to the difference 
in power distribution across the beam for the various 
modes of operation.  It was postulated that after 
the recondition of the laser that it operated closer 
to the TEMoo mode. 
In the TEMoo mode the power distribution is 
Gaussian and may be expressed by the equation: 
I(x)  =  Io exp (-2r/w2) 
Where Io is the intensity at the centre, r is 
the distance from the centre and w is the value of 
_2 
r for which the intensity has fallen to e  of its value 
Other modes may develop which exhibit a non- 
uniform or shewed power distribution across the 
beam.  Mathematical expressions of the other modes 
are not easily derived and will not be discussed 
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here.  Discussions in considerable detail may be 
found in any general books on lasers such as 
references (38 and 39).  Suffice it to say that the 
mode of operation may be affected by several 
parameters among them cleanliness, laser tube 
diameters, mirror radius and mirror deflector. 
It can be assumed that when the laser was not 
operating in the TEMoo mode more energy was being 
put into the ceramic then was necessary to cut the 
piece.  The excess energy was doubtlessly damaging 
the part and creating a large heat affected zone. 
In the TEMoo mode the major portion of the beam 
power is used in the cutting so that damage to the 
remaining part is kept to a minimum.  It is then 
important as far as laser machining of ceramic is 
concerned to be sure the laser is operating in the 
TEMoo mode. 
B.  THERMAL SHOCK 
The results of the thermal shock tests are 
shown in Table 7.  The laser sawed specimens were 
prepared while the laser was operating in the non- 
gaussian mode as described in the previous section. 
Failure was judged to have occurred when any cracks 
were visible in the parts under subsequent zyglo 
kl 
CO 
EH 
K 
EH 
g 
<! 
CO 
ft! 
t» 
H 
W 
O 
o 
W 
CO 
EH 
O 
> 
co 
m 
o 
co 
Q 
EH 
CO 
En 
CO 
O 
CO 
o 
o 
o 
is; 
o 
is; 
<i 
EH 
O 
EH 
O 
P3 
1-3 
En 
o o 
\A"Lf\rH iH [>- 
OOOHHCO       OOOCOO- 
CM 
o 
rH 1 
CM 
rH 
I 
o — o o o o 
1       1       ■       1       I       1 
O —'O o o 
1       1       ■       1       1 I       1       1       ■       1       i 
o o o o o o 
O OCX) OCMJ 
HHH(\|(\|f\| 
1      1      1      1      1 
o o o o o 
OOCOOCVI 
iH H H CM CM 
PQ 
<! 
EH 
m 
a 
CD 
•H 
o 
co 
CO 
o 
C±S 
C 
•H 
O 
<D 
ft 
CO 
-d 
CD 
05 
CO 
in 
CD 
CQ 
1-3 
42 
testing.  The data shows that the critical cycle for 
the laser sawed parts occurred in the temperature 
difference range of 210 _+ 10°C and for the ground 
parts in the temperature difference range of 230 _+ 
10°C when the quench was done in ice water.  The 
quench from boiling water to liquid nitrogen, while 
being a temperature difference of 392°C did not 
cause failure. 
The reason for the failure of the quench from 
boiling water to liquid nitrogen to cause cracking 
can be attributed to two effects.  The most important 
of these is the heat transfer coefficient.  The 
critical temperature in a thermal shock test is 
inversely proportional to the heat transfer 
coefficient between the part and the quenching media. 
When the hot parts were submerged in the liquid nitrogen 
a vapor barrier in all probability immediately formed 
between the parts and the liquid nitrogen thus 
effectively insulating the part and reducing the 
heat transfer coefficient. 
The secondary, effect acting here is that, as 
described earlier, the thermal shock resistance is 
proportional to the ratio of the thermal conductivity 
to the coefficient of expansion.  For alumina as 
k3 
temperature decreases the thermal conductivity increases 
and the coefficient of expansion decreases.  Thus at 
lower temperatures the thermal shock resistance of 
alumina is better than at high temperatures. 
The results of this test agree with the critical 
temperature difference predicted by theory as 
described in the literature (ref. 3^4-) for alumina. 
A discrepancy, however, is apparent.  It would be 
expected that the ratio of the critical temperature 
differences would equal the ratio of the fracture 
stress all other things being equal.  However, the 
ratio of the critical temperature difference for the 
laser sawed versus the ground parts is much larger 
than the ratio of their strengths.  It is apparent 
that another factor must be considered.  This would 
be the shape factor. 
As shown in Figure 10, the typical crack positions 
for the tested parts occurred in the radii of the 
parts.  This would indicate that the shape factor was 
playing a critical role, since otherwise cracks 
would presumably be liable to occur anywhere. 
The results of MOR testing parts before and after 
thermal shock testing are shown in Table 8.  Applying 
the t-test to the data shows no significant difference 
kk 
FIGURE 10 
TYPICAL CRACK POSITIONS AFTER 
THERMAL SHOCK TESTING 
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in the strengths for both groups before and after 
thermal shock testing at a 95%  confidence level. 
In view of these results it is certain that the 
overriding factor in determing fracture of thermal 
shock in this test was the geometry of the specimens. 
The difference in strengths between the parts played 
a part but not as an important a part as the shape 
factor. 
What this data shows is that in the design of 
circuitry, the less complex the shape the better 
chance there is that a laser sawed part may be used 
without fear of failure due to thermal shock. 
C.  MICROSCOPY AND OTHER STUDIES 
To determine if any apparent difference in edge 
damage was visible between parts cut with the laser 
operating in the gaussian mode versus the non- 
gaussian mode scanning electron micrograph pictures 
and optical microscope pictures were obtained. 
Figures 11, 12, and 13 show the differences.  It can 
be seen that the surface of the part cut under the 
gaussian mode to be rougher than the edge of the 
others.  Both exhibit undulations with those of the 
gaussian mode being spaced further apart than in the 
non-gaussian mode.  Also there appear  to be 3 separate 
k-7 
FIGURE   11 
LASER  CUT   CERAMIC   EDGE  CUT WITH 
LASER   OPERATING   IN  NON-GAUSSIAN MODE 
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FIGURE 12 
LASER CUT CERAMIC EDGE WITH LASER 
OPERATING IN GAUSSIAN MODE 
190X 
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FIGURE   13 
COMPARISON  OP  EDGES  CUT  WITH  LASER 
OPERATING   IN GAUSSIAN VS, NON-GAUSSIAN  MODE 
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zones in the non-gaussian mode with the gaussian mode 
appearing uniform throughout.  Visible on both 
specimens are the many microcracks formed in the 
molten material upon solidification.  The reason 
for the development of these undulations in the molten 
alumina are not clear.  It is also not clear why the 
laser when operating in the TEMoo mode leaves an edge 
which is so visibly different from the edge obtained 
under non-gaussian conditions. 
Shown in Figures ll\.,   ±<~>,   and 16 are a series of 
shots taken of the molten alumina zone at increasing 
magnification.  At these higher magnifications many 
smaller micro-cracks appear in the alumina.  These 
c ould also be stress lines formed by the molten 
material cooling on the crystalline alumina beneath 
it.  Other explanations might be advanced but they 
would be of no greater certainty. 
To determine if the edge of the parts cut in the 
new mode were indeed rougher, surface measurements 
were taken.  The profiles are shown in Figure 17. 
As can be seen the edge of the parts cut with the 
laser in the TEMoo mode are indeed much rougher than 
the edge of a part cut under non-gaussian conditions. 
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FIGURE 11+ 
LASER CUT CERAMIC EDGE 
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FIGURE l£ 
LASER CUT CERAMIC EDGE 
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FIGURE 16 
LASER CUT CERAMIC EDGE 
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FIGURE  17 
EDGE   SURFACE   PROFILES   OF  PARTS CUT 
WITH  LASER   OPERATING   IN GAUSSIAN 
VS  NON-GAUSSIAN  MODE 
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This would appear to be in contradiction to most 
expectations that the smoother the edge the higher 
the strength values to be expected.  For a laser cut 
part this need not be true since the edge may be 
thought of as having been fire polished.  Thus, even 
though the edge is rough it can be free of microcracks 
The laser operating in a non-gaussian mode did not do 
as good a fire polishing job and thus microcracks 
were left in the material.  For laser cut parts then 
it is not important to strive for a smooth edge, it 
is rather more important to obtain a uniform molten 
edge regardless of smoothness. 
A series of photomicrographs were also obtained 
of the various edges obtained by varying laser 
parameters and are shown in Figures 18, 19, and 20. 
As can be seen, increasing the power decreased 
the molten zone until there wasn't any molten zone 
left.  It may be theorized that most of the material 
was removed by subsurface explosion at the higher 
powers.  Also, it would seem that this condition 
would not be a good fire polished edge.  It would 
appear then that changing the laser over to the 
gaussian mode did not increase the power but rather 
more effectively focused the power. 
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FIGURE 18 
LASER CUT EDGE WITH LASER 
OPERATING AT 80 WATTS 
80X 
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FIGURE 19 
LASER CUT EDGE WITH LASER 
OPERATING AT 100 WATTS 
80X 
58 
FIGURE 20 
LASER CUT EDGE WITH LASER 
OPERATING AT l£0 WATTS 
80X 
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IV.  SUMMARY AND CONCLUSIONS 
A study was conducted of the effect of laser 
machining on part quality of high alumina substrates. 
Modulus of rupture data was obtained and thermal 
shock tests performed.  A variety of laser operating 
parameters were tried and the effect on part quality 
determined.  The scanning electron microscope- was 
used to examine the edge condition of laser cut parts. 
The modulus of rupture data showed that the 
strength of laser cut parts was dependent on the 
mode of operation of the laser.  Parts cut with the 
laser operating in a gaussian mode, TEMoo, had strength 
comparable to ground parts of approximately 40,000 
psi.  Parts cut with the laser operating in a non- 
gauss ian mode had strength approximately around 
2^,000 psi.  Changing laser parameters of power, air 
assist pressure and table speed did not change 
significantly part strength while the laser was in 
the non-gaussian mode. 
Thermal shock tests showed that part failure 
was dependent on part shape.  The shape factor was 
controlling failure mode rather than part strength. 
Parts tested for MOR after thermal shock failure 
showed no decrease in strength. 
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Scanning electron microscope pictures of part 
edges showed a difference in the amount of molten 
material between parts cut with the laser operating 
in the gaussian and non-gaussian mode.  Parts cut 
with the laser operating in the gaussian mode on 
more uniform coverage of molten material.  These 
parts also had a rougher surface.  It was concluded 
that a better fire polishing job was performed with 
the laser operating in the gaussian mode so that 
the edge roughness was not really the controlling 
feature. 
In conclusion then for laser cutting of high 
alumina the important factor is that the laser be 
operating in the TEMoo mode so that a uniform 
molten layer is optained.  Part design should be 
kept as simple as possible to eliminate thermal 
shock failure due to the shape factor. 
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